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ABSTRACT 

Studies  of  crack- propagation  rates  in  plastics  and  polycrystalline 
aluminum  were  conducted  to  help  test  the  validity  of  Waldorf's  fracture 
theory.  Results  of  these  studies  revealed  that  the  omission  of  plastic-flow 
effects  in  the  Waldorf  equation  is  a  serious  neglect,  since  this  flow  can 
appreciably  alter  the  effective  stress  at  the  crack  tips  under  suitable  con¬ 
ditions.  This  phenomenon  will  modify  the  temperature  dependence  of  the 
strength  of  the  material  from  that  given  by  the  theory  and  its  a  priori 
determined  parameters.  A  discussion  of  fracture-time  delay  is  also 
included. 

Dynamic-compression  data  were  experimentally  determined  for  four 
re-entry  vehicle  materials:  Avcoat  II,  Chopped  Nylon  Phenolic,  RAD  60, 
and  Series  124A  Kesin.  These  data  have  been  used  to  formulate  a  Hugoniot 
equation  of  state  for  each  material., 
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INTRODUCTION 


This  £inal  report  discusses  work  performed  by  Aerojet-General 
Corporation  under  Contract  \F29(601)-5382.  The  program  objec¬ 
tives  were  as  follows: 

a.  To  determine  the  shock-3tress/time-delay  relation  and 
the  form  of  the  associated  crack-propagation  velocity  for 
fracture  in  homogeneous  and/or  single -crystal  materials. 

b.  To  determine  Hugoniot  equations  of  state  for  four  selected 
solid  materials. 

A  summary  of  work  in  the  preceding  areas  is  presented  in  Section  2. 
Section  3  discusses  the  fracture  studies;  Section  4,  the  equation-of- 
state  determinations. 


SUMMARY 


a.  TIME  DELAY  OF  FRACTURE 

Experimental  studies  were  conducted  to  help  test  the  validity  of  a 
theory ,  developed  earlier  by  Waldorf,  that  attempted  to  explain  the 
delay  which  exists  between  the  time  of  applying  a  tensile  stress  to 
a  material  and  the  time  of  material  fracture. 


The  experimental  work  primarily  comprised  investigations  of  crack- 
propagation  rates,  since  Waldorf's  theory  predicts  that  a  stress- 
dependent  crack  velocity  is  the  controlling  factor  in  the  fracture  time 
of  polycrystalline  or  heterogeneous  materials.  Experiments  were 
conducted  by  subjecting  a  sample  material  with  a  small  surface  crack 
to  a  simple  tensile  force,  which  was  applied  perpendicular  to  the  line 
of  the  crack  by  an  Instron  tensile  tester.  The  crack  velocity  and  the 
applied  stress  were  then  measured  as  a  function  of  time.  Also  briefly 
considered  was  the  influence  of  ambient  temperature.  Materials  used 
in  the  studies  were  Plexiglas,  an  epoxy  resin,  and  polycrystalline 
aluminum.  These  investigations  were  intended  to  test  both  the  form 
of  the  Waldorf  equation  under  moderate  stress  conditions,  and  the 
values  of  the  various  parameters  used  in  the  equation. 
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Preliminary  studies  worn  conducted  on  the  fracturo-dclay  time  of  a 
material  under  shock  loading,  thl**  work  primarily  concerned  develop¬ 
ing  ic< '  nlqucs  by  which  meaningful  wpcrlmenlal  fracture-delay 
times  could  bo  measured  under  shot  loading.  An  evaluation 
also  made  of  the  Waldorf  equation  witn  regard  to  publlaheo  nluc.r  a 
related  to  crack  propagation. 


Results  of  Crack-Propagation  Studies 

The  cracks  were  generally  found  to  widen  alowly  under  tension  with¬ 
out  Increasing  in  length,  and  then  to  auddenly  undergo  a  very  rapid 
Increase  in  length.  This  phenomenon  made  it  difficult  to  measure  the 
crack  velocity  and  to  accurately  correlate  the  tensile  stress  with  the 
velocity.  The  crack  velocity  is  clearly  a  nonlinear  function  of  the 
tensile  stress,  but  the  results  were  not  sufficiently  accurate  or  re¬ 
producible  to  definitely  show  that  the  relationship  is  exponential. 

It  is  possible,  for  wide  ranges  of  tensile  stress,  that  a  hyperbolic 
sine  function  may  be  a  more  useful  expression. 

Photographs  obtained  of  the  crack  propagation,  showing  considerable 
plastic  flow  at  the  crack  tips,  and  observations  made  of  the  Initial 
crack  widening  before  propagation  indicate  that  a  serious  omission 
exists  in  the  Waldorf  equation,  i.e.  ,  the  omiesion  of  plastic-flow 
effects.  These  effects  can  alter  the  effective  stress  at  the  crack 
tips  from  that  calculated  from  the  applied  tensile  stress,  giving  a 
different  temperature  dependence  for  the  strength  of  the  material 
than  would  bn  calculated  from  the  Waldorf  equation  (this  may  possibly 
explain  the  recent  observations  at  Boeing  that  the  spall  threshold 
for  Plexiglas  is  greater  at  higher  temperatures).  The  preceding 
also  explains  the  magnitude  of  the  activation  energy  found  by  Zhurkov 
for  the  fracture  of  aluminum.  When  the  experimental  surface  ener¬ 
gies  of  various  plastics  reported  in  the  literature  are  related  to  the 
effective  activation  energy  of  the  Waldorf  equation,  a  similar  con¬ 
clusion  may  be  made  that  plastic -flow  effects  are  of  importance  In 
crack  propagation.  Finally,  there  are  also  examples  in  the  literature 
showing  that  plastic  flow  can  completely  control  the  creep  and  frac¬ 
ture  rates  of  certain  materials  under  certain  conditions,  in  which 
case  crack  propagation  per  se  is  of  minor  importance. 

The  Inclusion  of  plastic  flow  in  Waldorf's  equation  would  tend  to 
change  the  values  of  certain  parameters  therein.  Thus,  it  appears 
that  the  Waldorf  axpreaeion  as  wrlttan  should  be  moat  useful  and 
reliable  for  very  brittle  material!  under  nominal  stress-loading 
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conditions  in  which  plastic  flow  i*  of  little  importance.  When  plastic- 
flow  effects  aro  important,  the  preceding  parameters  c.innot  usually 
be  evaluated  a  priori  with  any  u  -^rec  of  confidence,  oven  ,i«  to  their 
order  of  magnitude. 

Studies  roported  in  the  literature  Indicate  that  the  limiting  crack 
velocity  used  in  Waldorf's  equation,  and  the  approach  to  this  velocity 
under  very  high  stress  conditions,  may  not  be  completely  valid. 


Results  of  Short-Time-Delay  Studies 

Investigations  were  undertaken  to  perfect  the  proposed  "null  spallation 
method"  of  measuring  the  fracture-time  delay  of  a  material  under 
shock  loading.  The  studies  were  primarily  concerned  with  determining 
the  shock  waveshape  in  the  material,  since  the  accuracy  of  the  measured 
time  delay  depends  on  the  accuracy  of  the  assumed  waveshape.  Experi¬ 
mental  studies  of  waveshape  were  conducted  using  a  Davios  bar  method, 
a  quart/,  transducer,  and  a  photostress  tc  .hr.ique.  None  of  these  tech¬ 
niques  was  refined  to  a  degree  at  which  it  could  be  used  for  obtaining 
accurate  data. 


b.  EQUAT10N-0F -STATE  MEASUREMENTS 

Equations  of  state  for  four  rr -entry  vehicle  materials  (Avcoat  U, 
chopped  nylon  phenolic,  RAD  60,  and  Series  124A  resin)  were  experi¬ 
mentally  determined  using  the  deceleration  or  plate -Impact  method. 

The  plates  were  projected  by  means  of  either  a  gas  gun  or  an  explo¬ 
sive  configuration,  depending  on  the  desired  shock  pressure.  Measure¬ 
ments  obtained  of  the  plate  velocity  prior  to  impact  (using  shorting- 
pin  probes)  and  of  the  shock  velocity  (D)  in  the  target  (using  piezoelec¬ 
tric  transducers)  enabled  computations  to  be  made  of  the  dynamic- 
compression  variables:  pressure  (P),  compression  (p/p0  ■  q),  and 
particle  velocity  (u).  These  data  were  used  to  compute  a  linear  re¬ 
lation  of  shock  velocity  to  particle  velocity  , 

D  ■  a  u  +  b  mm/|iiec  (2-1) 

from  which  was  derived  an  equation  of  state, 

P  «  c  -to-liJjL  kbar  (2-2) 

<d  *  q  / 
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The  values  •  f  i,  b,  c,  and  d  for  the  four  material#  are  given  in  the 
following : 


Material 

•X 

b 

c 

cl 

Avcoat 

'.66 

2.02 

103 

2.52 

OhoDped  Nylon  Phenolic 

1.18 

2.95 

3250 

6.55 

iM.n  60 

1.07 

1.53 

6210 

15.30 

Stvies  12<:A  Real-' 

i  i.4f 

2.40 

439 

3.50 

TIME  OE.-jA'  FRACTv.«E 

Experimental  evic  ret  indicate#  that  a  time  delay  occur#  prior  to 
fracture  whec.  a  tensile  #tri->a  is  applied  to  either  plastii  a  /.Reference 
1  and  2)  or  mot?..#  (Reference  3).  This  delay,  which  exponentially 
decreases  with  increasing  stress,  is  also  a  function  of  the  tempera- 
tore,  chemical  composition,  and  physical  properties  of  the  material. 

It!  an  earlier  investigation  conducted  by  Aerojet,  Waldorf  (Reference  4) 
developed  a  theory  of  fracture  that  encompassed  both  homogeneous 
and  polycrystalline  materials.  The  terminal  phase  of  the  present 
program  has  been  concerned  with  experimental  studies  that  were 
performed  to  help  test  the  validity  of  Waldorf's  theory.  Toward  this 
end,  studies  have  been  conducted  to  help  elucidate  the  mechanism  of 
fracture  both  in  homogeneous  and  heterogeneous  materials,  particu¬ 
larly  with  rtyard  to  elucidating  the  stress  dependence  of  crack- 
propagation  rates.  Fracture -delay  times  at  high  (shock)  stress  levels 
have  also  been  investigated. 


CRACK-PROPAGATION  STUDIES 


Fracture  of  Homogeneous  Materials 


The  rate  of  bond  rupturing  in  a  homogeneous  material  is  assumed  to 
be  constant  throughout  the  material,  rather  than  being  concentrated  as 
observed  in  crack  propagation.  For  a  constant  stress,  o-^,  Waldorf 
predicts  a  relationship  to  the  fracture  delay  time,  tc,  as 


t 

c 


—  exp 

w  r 


a-  (i  I  a  r\  )/  kT 
O  Q  o' 


(3-1) 
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where 


E  =  binding  energy  of  tV-  undisturbed  material 
(sublimation  energy 

o  =  a  numerical  constants  (e  -  l)/e 

t|  =  number  of  atoms  per  square  centimeter  of  area 
perpendicular  to  <rQ 

6  a  average  distance  between  the  centers  of  the  mutually 
bound  atoms  or  molecules  in  the  unstressed  state 

u  a  the  inverse  of  the  time  required  for  the  atom  or 

molecule  to  traverse  the  distance  6  at  mean  thermal 

o 

velocity 

k  a  Boltzmann's  constant 

T  a  absolute  temperature 

It  should  be  noted  that  relaxation  processes  associated  with  self¬ 
diffusion  are  not  included  in  the  derivation  of  Equation  3-1.  However, 
Bueche  (Reference  2)  found  that  such  processes  are  the  controlling 
factor  for  the  time-dependent  fracture  of  plastics.  When  the  relax¬ 
ation  processes  were  considered,  Bueche  obtained  a  relation  with  the 
same  form  as  Equation  3-1,  but  eliminated  the  anomalous  error  in  w 
by  employing  different  constants.  Bueche  assumed  that  relaxation 
times  are  much  shorter  than  the  fracture  time,  so  that  the  net  effect 
is  a  general  weakening  of  the  bond  after  self-diffusion  is  essentially 
complete . 

For  plastics  above  the  glass  temperature,  the  effect  of  self -diffusion 
may  be  such  as  to  partially  relieve  the  tensile  stress;  therefore,  the 
relaxation  time  becomes  a  significant  portion  of  the  fracture  time. 

The  temperature  dependence  in  Waldorf's  formula  is  such  as  to 
decrease  the  fracture  time  for  increasing  temperature.  With  in¬ 
creasing  temperature,  however,  the  effect  of  self-diffusion  is  so 
enhanced  that  it  may  be  possible  (for  certain  materials  under  suitable 
conditions)  that  the  fracture  time  would  increase  for  some  specific 
temperature  rise  under  constant  stress. 
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Fracture  of  Polycrystalllne  Material* 


Waldorf  assumed  that  the  fracture  c  polycrystalline  material  ■>  >;curi 
through  the  propagation  of  small  cracks  or  microcracks  which  grow 
under  the  influence  of  the  applied  stress  until  they  join  to  form  a  con- 
tinous  fracture  surface  spanning  the  material.  The  fracture  mech¬ 
anism  apparently  follows  the  boundaries  of  the  crystalline  grains. 

The  fracture  time  for  neighboring  drops  to  coalesce,  i.c.,  the  fracture 
time  for  polycrystalline  materials,  is  lCp*  a/v,  where  v  is  the  crack 
velocity  and  a  is  one-half  the  mean  lip-to-tip  spacing  of  the  cracks 
(or,  alternatively,  one-half  of  the  crack  length). 


The  crack-propagation  velocity  is  given  by  v  a  d0/tc,  where  d0»  (1/4)* 
(ac)1'2,  and  c  is  one-half  of  the  crack  thickness.  The  value  of  tc  is 
given  by  Equation  3-1,  except  that  the  effective  stress,  r,  at  the 
crack  tips  Is  related  to  the  applied  stress,  <r0,  by 


r  *  <r  (1  +  2  Q ) 
o 

where  Q  *  (a/c)*^.  Hence, 

t  »  4Qt 
cp  c 


(3-2) 


(3-3) 


The  crack  velocity  is  given  by 


± 

1  /  s1 
v  ■  -^(ac) 


w  «%p£  -  (Eq 


6o  ro  0  +  2  Q)/  a  tjq  )/k  T 


(3-4) 


Regardless  of  the  extent  of  the  stress,  cracks  cannot  propagate  faster 
than  the  Rayleigh  wave  velocity,  c*,  in  a  material.  Waldorf  accounted 
for  this  effect  by  the  following  empirical  equations: 


2, 

v  /  c 


1 

2 


v  *  r  (1  +  2Q)  (I 

o 


2, 

v  /  c 


1 

2 


(3-5a) 


(3-5b) 
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The  same  factors  considered  in  the  discussion  of  self-diffusion  would 
apply  to  crack  propagation,  and,  as  Waldorf  has  indicated  (but  does 
not  use),  plastic -flow  effects  could  have  an  important  effect  on  the 
initiation  of  crack  movement. 


Experimental  Work 

Basically,  the  experiments  were  conducted  by  subjecting  a  sample 
material  that  had  a  small  surface  crack  to  a  simple  tensile  force, 
which  was  applied  perpendicular  to  the  line  of  the  crack.  The  sam¬ 
ples  were  milled  to  a  4.0-  x  1,0-  x  0.5-in.  rectangular  body,  and 
were  prepared  for  testing  by  cutting  a  small  notch  in  the  center  of 
the  large  face,  perpendicular  to  the  long  axis.  Each  sample  was 
then  slowly  stressed  by  flexure  until  a  fine  crack  started  to  grow 
from  the  notch  into  and  along  the  surface  of  the  material.  The  notched 
face  was  then  machined  until  only  the  fine  crack  remained,  as  shown 
in  Figure  3-1. 

The  samples  were  tested  in  simple  uniaxial  tension  on  a  Model  TTC 
Instron  Tensile  Tester.  This  machine  holds  the  samples  by  means  of 
a  constant  and  uniform  moving  crosshead;  load  measurements  were 
made  using  sensitive  load  cells  that  registered  the  data  on  a  record¬ 
ing  oscillograph.  To  study  the  crack  propagation,  a  Fastax  camera 
(capable  of  18,  000  frames /sec)  was  fixed  to  photograph  the  sample 
perpendicular  to  the  direction  of  strain.  A  pulse  generator  was  con¬ 
nected  between  the  camera  and  oscillograph  for  time  correlation, 
as  shown  in  Figure  3-2.  The  studies  were  initially  conducted  with 
Plexiglas;  however,  it  was  found  that  tae  fracture  proceeded  too 
rapidly  for  resolution  by  the  experimental  setup,  and  that  the  entire 
fracture  process  occurred  sometime  between  frames  on  the  filxxi. 

More  specifically,  the  crack  was  found  to  slowly  widen  under  ten¬ 
sion  without  increasing  in  length,  then  to  suddenly  undergo  a  very 
rapid  increase  in  length.  These  observations  agree  with  Irwin 
(Reference  5),  who  states  that  "the  force^response  relationship  for 
crack  extension  in  various  materials  shows  that  onset  of  rapid  frac¬ 
ture  usually  occurs  in  a  relatively  abrupt  manner,  "  and  that  the 
time  rate  of  the  crack  extension  can  b"  increased  several  orders 
of  magnitude  by  a  small  change  in  tensile  stress  if  the  stress  is 
close  to  the  critical  value. 
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Figure  3-1.  Sample  Preparation. 
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Figure  S-2.  Tensile-Teeting  Apparatus. 


Test  samples  were  consequently  fabricated  from  an  epoxy  resin,  and 
although  the  preceding  problem  was  still  present,  it  was  less  pro¬ 
nounced;  some  photographs  were  obtained  that  clearly  showed  the 
growth  of  the  crack  to  complete  rupv  re  of  the  specimen.  A  typical 
film  sequence  for  a  sample  maintained  at  100°C  is  given  in  Figure  3-3, 
and  the  variation  of  stress  with  time  as  measured  by  the  load  cells  is 
shown  in  Figure  3-4.  As  shown  in  the  illustrations,  considerable 
plastic  flow  with  attendant  stress  relief  occurs  prior  to  crack  move¬ 
ment.  In  addition,  the  ratio  of  crack  length  to  crack  width  changes 
considerably. 

Figure  3-5  graphically  depicts  crack  length  as  a  function  of  time, 
showing  the  variation  of  crack  velocity  with  crack  length.  By  differ¬ 
entiating  the  curve  in  this  illustration  with  respect  to  time,  the  velocity 
can  be  determined  as  a  function  of  time :  by  correlating  the  resultant 
curve  with  the  stress-time  curve  of  Figure  3-4,  estimates  can  be 
made  of  the  stress  dependence  of  the  crack  velocity. 

Typical  experimental  data  reduced  in  the  preceding  manner  showed 
the  crack  velocity  to  be  roughly  an  exponential  function  of  the  stress, 
as  would  be  expected  from  the  theory.  In  some  cases,  the  relatively 
long  portion  of  the  curve  before  the  rise  can  also  be  interpreted  in 
terms  of  a  hyperbolic  sine  function.  Quite  generally,  the  relationship 
is  nonlinear  over  a  large  range  of  stress;  however,  the  curvature  was 
not  reproducible,  and  hence  definitive  conclusions  regarding  the  exact 
functional  form  of  the  crack  velocity  with  stress  could  not  be  made. 

It  is  believed  that  one  principal  source  of  the  nor.rcproducibility  is 
due  to  the  plastic  flow,  which  was  clearly  noticeable  at  the  crack  tips. 
This  flow  changes  the  stress  magnitude  so  that  the  true  stress  at  the 
c.rack  tips  is  not  the  stress  computed  from  the  applied  stress  to  the 
sample  (clearly  illustrating  that  the  Waldorf  equation  is  not  adequate 
for  materials  or  conditions  in  which  plastic  flow  accompanies  the 
crack  propagation). 

Fracture  studies  of  the  epoxy  resin  were  conducted  at  initial  temp¬ 
eratures  of  80°F  and  at  6  and  100°C.  Results  of  tests  conducted  at 
80  F  and  6  C  exhibited  the  fracture  behavior  described  in  the  pre^ 
ceding  discussion;  at  100°C,  a  fairly  constant  slow  velocity  was 
initially  evidenced,  followed  by  a  slier  ^duration  high-velocity 
region  to  complete  separation.  It  was  not  possible  to  obtain  repro¬ 
ducible  data,  however,  even  using  samples  maintained  at  high  tem¬ 
peratures  and  making  various  minor  modifications  of  the  technique. 
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Figure  3-4.  Stress  vs  Time  (Epoxy  Sample  at  100  C). 


Time  (Epoxy  Sample  at  100'*  C). 


A  part  of  the  reproducibility  problem  appeared  to  be  the  difficulty  of 
determining  exactly  where  the  crack  tip  was  at  any  given  time.  Thus, 
even  under  microscopic  examination,  ordinary  cracks  extended  further 
into  the  material  than  could  be  reai  ‘y  ascertained,  since  onl-’  the  por¬ 
tion  of  the  crack  that  was  large  enough  to  diffract  light  could  be  detected. 

Another  problem  is  presented  in  measuring  the  true  stress  applied, 
since  it  is  difficult  to  accurately  determine  the  change  in  area  over 
which  the  force  is  applied  as  the  crack  grows  (three  dimensionally). 

It  was  also  found  that  the  time  from  initiation  of  the  applied  force  to 
the  beginning  of  crack  growth  varied  so  much  that  it  was  difficult  to 
catch  the  event  with  the  camera  at  high  framing  speeds  (because  of 
the  short  running  time  of  about  1  sec). 

In  considering  the  preceding  problems,  it  appears  that  it  would  have 
been  more  desirable  to  direct  the  original  work  to  metals,  rather 
than  plastics,  since  metals  undergo  considerably  less  plastic  flow; 
however,  results  of  preliminary  studies  with  polycrystalline  alumi¬ 
num  also  did  not  tend  to  give  reproducible  rate  data. 

An  alternate  experimental  method  has  been  formulated  (Figure  3-6) 
that  should  allow  successful  measurements  to  be  made  of  crack 
velocities  in  well-known  materials,  e.g. ,  aluminum.  In  this  tech¬ 
nique,  the  measurement  of  the  crack  velocity  would  be  made  as  the 
crack  broke  the  thin  metal  strips,  and  triggering  would  be  accomp¬ 
lished  by  breaking  the  strip  closest  to  the  initial  crack  tip.  Ah 
estimate  of  the  plastic  flow  prior  to  crack  growth  may  be  made  by 
measuring  the  increase  in  resistivity  of  the  trigger  strip. 

Another  technique  considered  (but  hot  developed)  for  measuring  crack 
velocities  would  use  polarised  light  and  a  photoelastic  coating  of 
known  fringe  constant  on  a  thin  sheet  of  the  sample.  Employing  this 
method,  the  stress  concentration  at  the  crack  tip  and  its  position 
could  be  accurately  determined. 


Discussion 

Although  recent  experimental  studies  did  not  allow  a  rigorous  test  of 
the  Waldorf  theory,  results  of  the  investigations  indicated  a  serious 
flaw  in  the  theory  by  omission  of  self-diffusioh/plastic-flow  effects. 
Under  conditions  in  which  the  fracture  is  partially  ductile,  e.g. ,  high 
temperatures,  stresses,  and  purity  of  materials,  the  preceding 
effects  will  be  important  in  such  materials  as  aluminum,  lead  and 
pure  iron,  tin,  and  many  plastics.  It  thus  appears  that  the  Waldorf 
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Figure  3-6.  Proposed  Crack-Velocity  Experiment. 


expression  In  its  present  form  is  most  useful  (and  reliable)  for 
materials  undergoing  brittle  tracture,  if  theoretical  values  are 
to  bo  used  for  Its  various  parumeto>  <t.  However,  if  certain  con¬ 
stants  can  be  left  arbitrary  and  ev«»  a  ted  from  experimental  frac¬ 
ture  data,  then  there  is  reason  to  be.ieve  that  the  Waldorf  theory 
is  reasonably  reliable  for  extrapolation  purposes  (but  there  are 
several  fracture  theories  in  the  literature  that  will  also  fit  the 
latter  statement). 

Andersen  (Reference  6)  has  argued  that  a  dual  mechanism  involving 
both  sublimation  (bond  breaking)  and  self -diffusion  (plastic  flow)  is 
required  to  explain  the  creep  and  fracture  of  various  materials  over 
a  very  wide  range  of  temperature,  stress,  and  composition.  Depend¬ 
ing  on  the  conditions,  it  is  thus  possible  that  the  creep  or  fracture 
rate  can  be  controlled  by  either  bond  breaking,  plastic  flow,  or 
both  (simultaneously),  as  experimentally  shown  by  plots  of  the  log¬ 
arithm  of  the  creep  or  fracture  rate  vs  the  tensile  stress  for  various 
ambient  sample  temperatures. 

Bond  breaking  will  give  a  linear  temperature  dependence  of  the  rate 
(extrapolated  to  zero  stress  conditions),  which  gives  a  constant 
activation  energy  equal  to  the  sublimation  energy.  Plastic  flow  gives 
the  energy  of  nelf-diffuslon,  whereas  both  mechanisms  simultaneously 
lead  to  intermediate  values  of  the  activation  energy  and  the  tempera¬ 
ture  dependence  is  not  linear.  Experimental  samples  of  all  of  these 
behaviors  are  in  the  literature. 

The  other  important  case  that  must  be  considered  is  when  the  frac¬ 
ture  is  semibrittle  in  behavior  and  involves  crack  propagation,  while 
plastic  flow  Is  simultaneously  tending  to  reduce  the  effective  stress 
at  the  crack  tips.  This  condition  should  usually  be  of  most  importance 
when  shock  stress  is  involved,  since  the  stress  will  be  very  high  and 
the  fast  loading  should  give  brittle  fracture  behavior.  In  this  case, 
both  mechanisms  act  simultaneously,  but  the  temperature  dependence 
of  the  rate  willnowbe  linear  rather  than  nonlinear  (as  when  the  plas¬ 
tic  flow  was  tending  to  produce  voids  rather  than  to  reduce  the  stress 
at  the  crack  tips). 

The  mechanism  whereby  plastic  flow  reduce;  the  stress  at  the  crack 
tips  is  believed  to  be  responsible  for  the  activation  energy  of  55  kcal/ 
mole,  which  Zhurkov  found  for  aluminum  (Reference  3).  The  sub¬ 
limation  energy  of  aluminum  is  75  kcal,  whereas  the  energy  for  self- 
dlffusion  is  35  kcal.  For  the  larger  stresses,  plastic  flow  lowers 
the  effective  stress  at  the  crack  tips  below  that  which  would  be  com¬ 
puted  from  the  experimental  stress,  thus  lowering  the  apparent 
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activation  energy.  For  very  low  stresses,  no  plastic  flow  is  involved. 
It  has  prcvioualy  been  shown  (Reference  6),  using  Zhurkov's  data, 
that  the  uctivation  energy  then  in..’  ease*  aa  expected  from  55  kcal  to 
the  aublimation  energy. 

Results  of  the  moat  recent  experimental  studies,  while  not  adequate 
to  rigoroualy  teat  the  atreaa  dependence  of  Waldorf  a  crack-velocity 
cxprcaaion,  do  indicate  tha’  the  velocity  increaaed  approximately 
exponentially  with  atreaa  at  low  and  moderate  atreaaea  (aa  predicted). 

Irv'in  (Reference  5)  atatco  that  after  the  onaet  of  rapid  crack  exten- 
aion,  the  velocity  of  the  crack  increaaea  with  an  increaae  in  the  atreaa. 
However,  for  atreaa  value  a  of  approximately  5  to  10  timea  the  critical 
atreaa,  there  la  relatively  little  further  increaae  of  crack  velocity 
(aa  expected  from  Waldorf  a  theory,  aince  a  limiting  crack  velocity 
will  he  approached  or  reached).  Irwin  atatea  that  the  velocity  at 
high  atreaaea  appears  to  approach  a  limiting  speed  of  about  one-half 
of  the  shear -wave  velocity.  This  value  may  be  compared  to  the 
Rayleigh  wave  velocity,  which  was  used  aa  the  limiting  speed  by 
Waldorf.  Dulaney  and  Brace  (Reference  7)  give  the  limiting  velocity 
as  (2irE/k  p)1/2,  where  E  is  Young’s  modulus,  p  is  the  density  of  the 
material,  and  k  is  a  constant  whose  value  depends  on  the  stress  and 
displacement  fields  about  the  moving  crack. 

For  a  material  with  a  Poiason  ratio  of  0.25  (typical  metal),  it  wae 
deduced  that  (2  ir/k)^2  ■  0.  38,  giving  the  limiting  velocity  aa  about 
0.72  of  the  Rayleigh  wave  velocity  (essentially  consistent  with  the 
statements  of  Irwin).  Dulaney  and  Brace  theoretically  deduced  and 
experimentally  found  that  the  limiting  velocity  is  approached  in  a 
hyperbolically  asymptotic  manner.  This  concluaion  does  not  agree 
with  the  farm  proposed  by  Waldorf,  i.e.,  Equation  3-5. 

Irwin  atatea  that  at  very  high  tensile  atreaaea,  an  Increase  in  atreaa 
causes  branching  of  the  crack  but  no  further  Increaae  in  its  velocity. 
This  branching,  i.e.  ,  the  formation  of  subsidiary  or  parasitic  cracka 
off  the  main  crack  at  high  stress  levels,  was  also  observed  by  Dulaney 
and  Brace  and  by  Benbow  (Reference  8).  Branching  may  arise  from 
putting  in  energy  faster  than  the  running  crack  can  absorb  it,  such 
as  further  increasing  the  stress  when  the  velocity  is  near  the  limiting 
velocity,  and  from  inhomogeneities  in  the  material  that  may  alter  the 
stress  distribution. 
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It  should  also  be  remembered  that  the  stress  distribution  at  the  tip 
of  a  real  ci.-i.ck  (References  9  and  10)  is  considerably  more  complex 
than  the  simple  expression  used  by  Waldorf  for  a  two-dimensional 
crack.  However,  it  appears  that  th  stress  distribution  employed 
by  Waldorf  is  certainly  adequate  for  xae  in  present-day  fracture - 
rate  expressions. 


Benbow  (Reference  8),  Berry  (Reference  11),  and  others  (see 
references  in  these  papers)  have  experimentally  determined  the 
fracture  surface  energies,  Es,  of  various  plastics.  While  rates  of 
crack  propagation  or  fracture  were  not  studied  per  se,  these  in¬ 
vestigations  are  directly  related  to  rate  studies  in  that  the  fracture 
surface  energy  is  directly  proportional  to  the  effective  activation 
energy  (not  the  zero-stress  activation  energy)  in  the  Waldorf 
expression,  i.  e., 


E 

e 


6o  ro  (1  +  2Q)/tt  \ 


(3-6) 


where  o'  denotes  proportionality.  Benbow  found  that  the  fracture 
surface  energy  of  Perspex  increases  slightly  with  increases  in  the 
ambient  temperature  of  the  material.  This  effect  indicates  that  the 
effective  activation  energy  is  a  weak  function  of  temperature. 


The  effective  activation  energy  expression  of  Waldorf  is  not  a  func¬ 
tion  of  temperature.  However,  in  line  with  the  previous  discussions 
involving  self-diffusion  and  plastic  flow,  an  increase  in  temperature 
enhances  the  plastic  flow,  which  will  tend  to  lower  the  stress  at  the 
crack  tips  (tending  to  increase  the  affective  activation  energy).  This 
explanation  is  also  consistent  with  studies  recently  reported  by 
Penning,  Young,  and  Prindle  (Reference  12),  who  found  that  the 
spall  threshold  is  an  increasing  function  of  temperature  for  Plexiglas. 
The  studies  of  Benbow  and  Berry  show  that  the  fracture  surface 
energy  of  a  material  is  a  function  of  composition  and  physical  condi¬ 
tion  (defects),  a  relationship  tobe  expected  on  the  basis  of  Waldorf's 
theory . 


b.  TIME-DELAY  STUDIES 

In  any  determination  of  stress /time -delay  measurements,  knowledge 
of  the  shock-wave  profile  is  of  paramount  importance.  Most  of  the 
time-delay  experiments,  e.g. ,  the  "null  spallation  method,"  assume 
the  presence  of  a  square  wave;  in  general,  however,  such  waves  do 
not  occur  more  than  momentarily. 
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The  usual  method  of  approximating  square  waves  is  by  impacting 
the  test  sample  with  a  flying  plate.  As  shown  in  Figure  3-7,  accord¬ 
ing  to  hydrodynamic  theory  (Reference  13)  when  the  driver  and  target 
are  of  the  same  material,  a  rare  ctlon  fan  originates  at  the  rear 
free  surface  of  the  driver  and  ultimately  degrades  the  shock,  front. 
While  the  intersection  of  the  head  of  the  rarefaction  fan  with  the 
shock  front  does  not  occur  for  comparatively  long  distances  for  low 
enough  pressures,  the  squareness  of  the  tail  of  the  shock  is  immedi¬ 
ately  affected.  The  situation  is  more  complex  at  the  free  surface  of 
the  target,  since  the  shock  in  the  target  is  also  reflected  as  a  rare¬ 
faction  fan,  resulting  in  a  trapezoidal  wave  rather  than  the  square 
wave  desired.  While  this  combined  effect  can  be  minimized  by  using 
comparatively  weak  shocks,  it  may  introduce  a  large  uncertainty 
into  the  time -delay  experiments  where,  a'j  in  the  "null  spallation 
method,"  small  differences  are  significant. 

There  is  evidence  (Reference  14)  tha;  the  structure  of  the  shock 
induced  into  the  target  is  even  more  complicated  than  the  usual 
hydrodynamic  theory  would  predict,  and  that  an  elastic  rarefaction 
precedes  the  plastic  rarefaction.  After  catching  and  attenuating  the 
shock  front,  the  elastic  rarefaction  reflects  back  and  forth  between 
the  shock  front  and  the  plastic  rarefaction  (Figure  3-8).  Although 
a  model  has  been  proposed  to  describe  this  premature  attenuation 
in  2024  aluminum,  it  is  not  necessarily  directly  applicable  to  such 
materials  as  plastics.  In  any  case,  it  would  be  extremely  difficult 
(if  possible  at  ail)  to  accurately  calculate  the  shock-pressure  pro¬ 
file  as  a  function  of  travel  in  these  materials. 

It  was  thus  apparent  that  a  method  of  accurately  determining  the 
pressure  profile  around  the  time  of  fracture  was  necessary  before 
the  actual  stress/time-delay  experiments  could  be  performed.  As 
initially  planned,  these  preliminary  experiments  were  to  be  con¬ 
ducted  using  the  rotating  impact  machine,  which  was  completed  and 
installed  during  the  second  quarterly  period  of  the  program;  how¬ 
ever,  the  attainable  impact  planarity  of  the  rotary  impact  machine 
was  found  to  be  inadeqaate.  During  the  fourth  quarterly  period,  a 
low-velocity  gas  gun  was  made  available  with  which  adequate  plan¬ 
arity  could  be  achieved,  but  it  was  necessary  to  employ  this  device 
almost  exclusively  in  determining  the  low-pressure  dynamic  com¬ 
pression  points  for  three  of  the  re-entry  materials.  Therefore,  the 
proposed  experiments  progressed  just  slightly  beyond  the  conceptual 
stage. 
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Methods  of  Shock-Profile  Measurement 


There  are  many  methods  that  can  be  employed  in  determining  pressure 
profiles  for  a  one -dimensional  shock  nduced  into  a  target  material. 
Most  of  these  techniques  infer  the  profile  in  the  target  from  measure¬ 
ments  made  at  the  rear  surface,  either  through  measurement  of  the 
free-surface  velocity  or  from  the  reaction  of  a  contiguous  transducer. 

It  is  also  possible  to  chart  the  wave  during  the  time  of  passage  through 
the  target,  within  restricted  pressure  ranges,  by  examining  the  result¬ 
ing  strain  and/or  the  compression  (using  optical  means  for  transparent 
materials  or  X-ray  techniques  for  those  that  are  opaque).  In  general, 
optical  methods  can  only  be  used  for  comparatively  low  pressures, 
while  the  effectiveness  of  X-ray  determinations  is  dependent  on  having 
pressures  high  enough  to  provide  significant  density  changes.  The 
three  following  experimental  methods  were  chosen  for  the  study, 
using  Plexiglas  as  the  target  material: 

a.  An  adaptation  of  photostress  techniques  for  determining 
the  shock  profile  at  all  points  within  the  target 

b.  A  type  of  Davies  bar  (Reference  15) 

c.  The  quartz  transducer  described  by  Jones,  Neilson, 
and  Benedick  (Reference  16) 

The  quartz  transducer  would  only  be  used  to  provide  a  basis  for  cali¬ 
brating  the  other  two  techniques;  it  appears  to  be  very  accurate  in 
the  required  pressure  range,  but  becomes  very  expensive  for  measur¬ 
ing  pulse  lengths  longer  than  1  ft  sec  and  would  interfere  with  measure¬ 
ments  performed  on  reflected  waves.  The  Davies  bar  is  capable  of 
measuring  the  free-surface  velocity  for  relatively  long  periods  of 
time,  while  not  disturbing  reflection  of  the  shock.  A  Davies  bar  of 
a  guard-ring  design  is  shown  in  Figure  3-9.  Preliminary  tests  have 
been  performed  to  determine  voltage -output  levels,  using  a  target 
plate  made  of  aluminum  in  place  of  Plexiglas. 

Experiments  were  also  initiated  to  develop  photostress  techniques, 
as  illustrated  in  Figure  3-10.  The  streak-camera  slit  was  oriented 
perpendicular  to  the  impact  plane.  Although  good  film  records  were 
obtained  without  the  Polaroid  sheets,  the  exploding -wire  light  source 
gave  an  insufficient  light  exposure  when  in  place  to  discern  the  photo¬ 
stress  fringes. 
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Time  Delay  of  Spallation 

Although  it  is  well  established  at  the  lower  tensile  stress  levels  that 
the  strength  (fracture  char,  teristics)  of  a  material  is  a  function  of 
the  loading  time,  there  is  a  paucity  of  experimental  data  aa  to  the 
real  significance  of  this  observation  under  shock-loading  conditions. 
The  preceding  discussion  indicates  some  of  the  complexities  of 
obtaining  meaningful  data  under  these  conditions.  Zhurkov  and  Tomo- 
shevskii  (Reference  17)  studied  the  fracture  of  Lucite  under  simple 
tension  and  found  the  fracture -delay  time  to  vary  in  an  inverse 
exponential  manner  with  the  applied  stress,  as  most  materials  do. 
Keller  and  Trulio  (Reference  18)  recently  found  that  the  tensile 
stress  required  to  spall  Lucite  in  one -dimensional  impulsive  load¬ 
ing  was  about  1  kbar ,  which  was  constant  over  the  loading  duration 
of  2  x  10-7  to  5  x  10“6  sec.  These  investigators  concluded  that, 
within  the  accuracy  of  the  experiments,  the  spall  mechanism  is 
independent  of  time.  However,  it  is  to  be  emphasized  (as  noted  by 
Keller  and  Trulio)  that  the  expression  Zhurkov  found  to  describe  the 
fracture  time  is  an  extremely  sensitive  function  of  stress,  and  within 
the  loading  time  used  in  the  experiments  the  change  in  fracture 
stress  required  is  of  the  same  order  as  the  experimental  error  in 
stress.  Thus,  a  much  larger  range  of  loading  times  (or  a  different 
experimental  technique)  seems  necessary  to  adequately  measure  the 
fracture-delay  time  of  materials  under  shock-loading  times. 


EQUATION-OF -STATE  MEASUREMENTS 

Hugoniot  equation -of -state  measurements  were  made  for  four  re-entry 
materials  (chopped  nylon  phenolic,  Series  124A  resin,  RAD  60,  and 
Avcoat  U),  using  the  deceleration  method  described  in  References  4 
and  19.  In  this  technique,  the  dynamic -compression  values  are 
obtained  by  measuring  both  the  impact  velocity  of  a  driver  plate  on 
the  test  sample  and  the  wave  velocity  of  the  resultant  shock.  By 
employing  a  gas  gun,  made  available  from  another  program,  and  the 
explosive  configurations  previously  developed  under  Contract 
AF29{601  )-1760  (Reference  4),  a  possible  induced-shock  pressure 
range  was  obtained  from  sub-kilobar  values  to  above  100  kilobars. 


a.  DETERMINATION  OF  SHOCK-WAVE  VELOCITY 

Shock  waves  passing  through  the  test  samples  were  detected  using 
ceramic  transducers  (0.  25-in.  -dia  x  0. 10-in.  -thick  Clevite  Type- 
4100-5  PZT  disks,  coated  oh  the  flat  faces  with  silver).  The  faces 
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were  designated  such  that  when  a  compressive  wave  was  propagated 
into  the  driver -electrode  face,  a  positive  signal  was  developed  at 
the  opposite  face  (the  output  electrod  •).  Tests  were  performed  using 
a  small  ram  assembly,  as  shown  in  j.  Lgure  4-1. 

Sheets  of  the  test  material  were  cut  up  to  yield  as  many  4-in.  -sq  test 
blocks  as  possible.  The  faces  of  the  blocks  were  milled  just  enough 
to  make  them  smooth  and  parallel:  two  0.  313-in.  -dia  flat-bottom 
holes  were  drilled  in  one  face  of  the  block  to  between  0.  075  and 
0. 100  in.  from  the  other  face.  A  0.  250-in.  disk  of  2-mil  gold  foil 
with  a  1-in.  -long  tab  was  attached  to  the  driver  electrode  of  a  trans¬ 
ducer  and  cemented  to  the  bottom  of  each  hole  with  epoxy  resin  under 
pressure.  As  shown  in  Figure  4-2,  two  transducers  were  attached 
in  the  preceding  manner  to  the  surface  of  the  block  (on  the  same  side 
and  perpendicular  to  the  line  of  hole  centers). 

To  prepare  several  test  blocks  concurrently  and  to  ensure  adequate 
pressure  and  accurate  placement  of  the  transducers,  jigs  were  fabri¬ 
cated  and  employed  as  illustrated  in  Figure  4-3.  After  bonding  was 
completed,  the  distance  of  the  output  electrode  from  the  undrilled 
face  of  the  target  was  measured  to  within  0.  0005  in.  By  subtracting 
from  this  reading  the  value  of  the  thickness  of  the  transducer,  also 
measured  to  0.  0005  in.  ,  the  distance  of  the  driver  electrode  from 
the  undrilled  face  (subsequently  the  impact  face  of  the  target)  was 
known  to  within  0.001  in.  The  center  conductor  of  a  coaxial  cable 
was  connected  to  the  output  electrode  of  each  of  the  transducers, 
and  the  tabs  of  the  gold  discs  were  electrically  connected  together 
to  serve  as  the  common  ground  for  the  shields  of  the  coaxial  lines. 
The  transducers  were  then  potted  with  epoxy,  as  shown  in  Figure 
4-4. 


Data-Recording  Techniques 

When  the  shock  front  passed  through  the  driver  electrode,  positive 
signals  were  developed  on  the  output  electrode.  These  signals  were 
distributed  through  the  coaxial  cables  to  two  rasteroscilloscopes 
(Figure  4-5),  each  of  which  employed  two  display  tubes:  the  master 
and  slave  units.  Timing  markers  were  simultaneously  fed  to  both 
units. 
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Figure  4-3.  Transducer  Jig; 
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Figure  -1-4.  Target  With  Transducer  Assembly. 
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Figure  4-5.  Teet  Circuit 


The  sweep  o£  the  slave  unit  was  si  ,  ''iy  delayed  with  respect  to  that 
o l  the  master,  so  that  signals  occurr.ng  during  the  retrace  on  one 
tube  appeared  on  the  other.  To  avoid  conies  ion  resulting  from  the 
appearance  of  two  signal  pulses  at  the  same  time,  only  two  signals 
(one  from  each  of  the  sets  of  transdr  ers  at  the  two  distances  from 
the  impact  surface}  were-  s-  •  to  each  rasteroscilloscope.  The  two 
sets  of  data  were  fixed  witn  spect  to  each  other  in  time  by  simul¬ 
taneously  sending  an  R-C  discharge  timing  signal  to  both  raster- 
oscilloscopes  between  the  time  of  triggering  and  the  appearance  of 
the  first  signal.  Diodes  were  incorporated  into  the  timing  -  signal 
circuit  to  avoid  interference  between  the  two  sets  of  transducer 
signals.  A  typical  film  record  is  presented  in  Figure  4-6. 


Data-Reduction  Method 


Using  an  optical  comparator,  film  records  of  the  rasteroscilloscope 
displays  were  analyzed  in  the  following  mannei  to  obtain  the  time  of 
shock  arrival  at  each  of  the  transducers: 


Det  Xu,  X2^,  Xji,  and  be  the  distance  (in  inches)  of  the  trans¬ 
ducers  fran  the  impact  surface,  in  the  order  of  increasing  distance, 
for  the  i  th  test  of  a  total  of  N  tests;  let  T^,  T2£,  T3i,  and  T,^  be 
the  times  (in  microseconds),  measured  from  a  convenient  time  base, 
respectively  corresponding  to  the  shock  arrival  at  X^,  Xj>i,  X311, 
and  X4}.  If  .a  is  the  distance  in  a  line  parallel  to  the  impact  face  be¬ 
tween  the  centers  of  the  transducers  at  Xj  and  X^  and  .c  is  the  cor¬ 
responding  distance  for  the  transducers  at  X3  and  X4,  then  the  com¬ 
ponent  of  the  velocity  of  the  shock  in  a  direction  perpendicular  to  the 
impact  face,  V^,  is 


Vi  = 


(Yli  +  Y?.i*  “  (Xli  +  X21* 


2i 


11 


21' 


<T3i  +  T4i>  -  (Tli  +  V 


in/p  sec 


(4-1) 


The  angle  of  tilt  of  the  shock  front  with  respect  to  the  a  axis 
is  then 


=  tan 


-1 


Vi  (T 


21 


*  Tli  )  ‘  <  X2i  '  Xii} 


(4-2) 
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Figure  4-6.  Typical  Film  Record. 
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(4-3) 


(4-4) 


(4-5) 


To  determine  the  pressure,  P,  and  the  particle  velocity,  u,  it  is 
necessary  to  simultaneously  solve  (1)  the  wave-line  equatior  for 
the  test  material  of  initial  density  pQ, 

P  =  lOp  D  u  kbar  (4-6) 

and  (2)  the  deceleration  adiabat  of  the  driver-plate  material,  in  this 
case  2024 -T 3  aluminum.  An  applicable  equation  was  obtained  by 
regression  analysis  of  the  combined  published  data  from  References 
20  and  21 . 

The  deceleration  adiabat  equation  is  linear  up  to  the  elastic  limit 
of  5.82  kbar 

P  ■  179.5  (W-u)  kbar;  P  £  5.82  kbar  (4-7) 

where  W  is  the  average  driver-plate  velocity  of  impact  in  mm/psec. 
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Above  5.82  kbar,  a  quadratic  equatiai  was  fitted  to  the  data 

P=  0.993  +  147.6  (W-u)  +  38.45  (W-u)2  kbar  (4-8) 

The  computed  value  of  the  partic.  velocity  was  then  used  to  com¬ 
pute  the  dynamic  compression,  p/p 

A  measure  of  the  experimental  precision  was  obtained  by  computing 
the  standard  deviation  for  the  shock,  S£>,  and  particle  velocities,  Su, 
the  pressure,  Sp,  and  the  compression,  Sp/pQ: 


1  N 

5D  =  N-  1  (Di  "  D) 

1=  1 


mm/|i  sec 


For  P  <  5.82  kbar 


—  2  2 

3  =  ~  Sw2  +  - V  SD2  mm/ p  sec 

U  W  W  (179.5)  D 


where  the  bars  denote  average  values,  and 


(4-10) 


(4-11) 


=  nTT  (Wi  -  ^l2  ™m/Mec 


(4-12) 
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For  P  >  5.82  kbar 


S  =< 


Po2  u2  SD2  +  j^l 47  6  +  76.9  <W  +  u)] 


(76.9  W+  147.6  +  PqD)2  -  153.8  (0.  993  +  147.6  W  +  38.45  W2  j 


mm/psec  (4-13) 

The  appropriate  S  is  then  used  to  compute  S_  and  S  p/p  from 


SP  =P 


\2 


\  u 


2 


kbar 


(4-14 


Sp/  p 


2  +  D2 


s?  ~»4  D  -A 


(D  -  u) 


(D  -  u) 


2 


kbar  (4-15) 


An  equation  of  state  may  be  computed  to  fit  the  dynamic-compression 
data  by  assuming  a  linear  relation  between  the  shock  and  particle 
velocities,  i.e.,  using  &  and _b_ as  constants 

D  =  aU  +  b  mm/p  sec  (4-16) 

Equation  4-16  and  the  Rankine  Hugoniot  equations  for  conservation 
of  mass  and  momentum  can  be  used  to  derive  an  equation  for  pres¬ 
sure  as  a  function  of  compression: 


P 


10P.  (t|  -  1)  T] 


(4-17) 


where  t|  =  p/pQ  and  the  constants  a  and  b  are  determined  from 
Equation  4-16  by  a  regression  analysis  of  the  data. 
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GAS -GUN  EXPERIMENTS 


A  2. 5 -in.  -dia-bore  gas  gun  (Figure  4-7)  of  a  design  furnished  by 
Sandia  Corporation  was  utilized  t •  obtain  equation -of -state  data  in 
the  5-  to  15-kbar  range.  In  these  tests,  the  shock  wave  was  induced 
in  the  test  block  (placed  against  the  muzzle  of  the  gun)  by  the  impact 
of  a  cylindrical  bullet,  which  was  closely  fitted  in  the  barrel  and 
propelled  from  behind  by  high  -pressure  bottled-nitrogen  gas  let  into 
the  breech.  The  bullet,  the  barrel,  and  the  muzzle  target  support 
were  machined  and  aligned  so  that  planarities  could  easily  be  kept 
to  within  10  shakes  across  the  impact  area. 

The  impact  velocity  was  determined  by  three  small,  successive, 
shorting  pins  (located  near  the  muzzle),  which  projected  into  the 
barrel  just  enough  to  make  electrical  contact  with  the  front  edge  of 
the  bullet  as  it  passed  by.  The  raster  oscilloscopes  were  triggered 
by  a  shorting  pin  that  projected  0.250  in.  from  the  impact  face  of 
the  test  sample;  the  timing  pulse  was  similarly  derived  from  a 
shorting  pin  that  projected  0. 125  in.  from  the  target  (Figure  4-8). 
Two  data  points  at  the  lower  end  of  the  desired  pressure  range 
were  obtained  for  three  materials:  chopped  nylon  phenolic,  Series 
124A  resin,  and  Avcoat  II. 


c.  EXPLOSIVE -FLYING -PLATE  EXPERIMENTS 

Flying -plate -shock  inputs  for  test  samples  in  the  20-  to  150-kbar 
range  were  provided  by  5-in.  -sq  x  0. 125-in.  -thick  2024-T3  alumi¬ 
num  plates,  backed  by  the  explosive  configurations  shown  in  the 


following: 

Configuration 

Explosive 

Inclination 
Angle  (*) 

Plate 
Velocity 
(mm /p,  sec) 

A4 

DuPont  EL  506  A 

2 

(area  density:  4gm/in.  ) 

9.5 

1.  19 

A8 

DuPont  EL  506  A 

2 

(area  density:  8  gm/in.  ) 

14.0 

1.91 

CB 

Composition  B 

(thickness:  0.75  in. ) 

21.0 

3. 18 
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Figure  4-8.  Triggering  and  Timing-Fulse  Circuit  for  Gas-Gun  Tests. 


Rastero8ciUo8cope  triggering  was  accomplished  using  a  conduction 
or  shorting  double-probe,  which  was  placed  in  the  explosive  train 
and  provided  an  R-C  pulse  when  passed  by  the  detonation  wave. 

The  timing  pulse  was  derived  from  the  trigger  pulse  through  a 
time -delay  circuit  (Figure  4-9). 


d.  EXPERIMENTAL  RESULTS 

Dynamic-compression  data  obtained  in  the  experimental  work  are 
shown  in  Table  4-1.  From  these  data,  the  equation  of  shock  velocity 
vs  particle  velocity  and  the  associated  Hugoniot  equation  of  state 
were  computed  for  each  material,  as  listed  on  the  following  page. 
Graphs  of  the  equations  and  the  experimental  points  are  presented 
in  Figures  4-10  through  4-17. 
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Insufficient  number  of  data  points  on  which  to  calculate  standard  deviation. 


u  (mm/»*  * 

Figaro  4-10.  Shock  Velocity  vn  Particle  Velocity  (Avco*l  II). 
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Figure  4-11.  Dynamlc-Compreeaion  Curve  (Avcoat  11). 


-45 


ure  4-12.  Shock  Velocity  vs  Particle  Velocity  (Chopped  Nylon  Phenolic). 
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Figure  4-13.  Dynamic -Compression  Curve  (Chopped  Nylon  Phenolic). 
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Figure  4-16.  Shock  Velocity  v»  PsrUele  Velocity  (Serlee  I24A  Recta). 
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